had presented analyses of the effects of air movement, humidity, radiation, and of the convection effects on clothed human subjects within the range of from 160 to 38°C. These latter four studies computed for the first time the insulation value of clothing assemblies. They also demonstrated for the first time the quantitative changes in temperature gradients, circulation, and evaporation loss that occur when the body is exposed clothed rather than nude. Suddenly, in 1940 and 1941, physiologists were flooded with requests for practical information on the heat exchange properties of clothing, and the critical nature of these problems may be estimated from a survey of a few typical questions:
In 1939 primary information on the temperature regulation of the nude human body under moderate thermal stress existed in abundance. Studies of both the physiological and biophysical factors in temperature adjustment dated essentially from the time of Rubner, with a particular concentration of activity in the period from 1930 to 1939. In this literature, however, only a few studies dealt with the influence of clothing on heat loss. Three reports2' 3' 4' from the laboratory of the American Society of Heating and Ventilating Engineers had demonstrated the effect of normal and partial clothing on the sensations of comfort or tolerance to be expected in relation to given Effective Temperature conditions. Three reports from the John B. Pierce Laboratory 4, 27 29 and one from the Russell Sage Institute of Pathology" had presented analyses of the effects of air movement, humidity, radiation, and of the convection effects on clothed human subjects within the range of from 160 to 38°C. These latter four studies computed for the first time the insulation value of clothing assemblies. They also demonstrated for the first time the quantitative changes in temperature gradients, circulation, and evaporation loss that occur when the body is exposed clothed rather than nude. Suddenly, in 1940 and 1941, physiologists were flooded with requests for practical information on the heat exchange properties of clothing, and the critical nature of these problems may be estimated from a survey of a few typical questions:
(1) A gunner is to be exposed for several hours in an unheated aircraft gun-turret at a temperature of -30°C. His heat production is only slightly above that of a resting man. Three sets of protective clothing are available. The operational inconvenience of these may be roughly summarized in terms of total weights for the three sets of 12 (2) A light assembly, weighing 10 pounds, is available for an exposure of -30°C. X watts of electrical energy are available to compensate for reduced insulation. What is the time tolerance of a resting man with such an assembly? Should the electrical heat input be distributed uniformly throughout the assembly, or should the trunk and extremities receive different proportions, depending upon the larger surface per unit of volume in the hands and feet? Is it true that the regulation of body temperature is inefficient when the hands are kept locally comfortable despite the gradual over-all cooling of the body system? (3) Infantrymen equipped with items of clothing sufficient for indefinite protection at 0°C., with a natural wind velocity of 15 m.p.h., are to be transported in open lorries at 40 m.p.h. What is the effective change in insulation and period of cold tolerance due to the convection effect of high wind velocity?
(4) A given protective assembly is just sufficient thermal protection with ordinary activity at a temperature of 00C. Strenuous activity may increase the heat production to 4 times the normal value. Will such activity produce sweating? Will such sweat destroy the insulation properties, exposing the wearer to a hazardous degree of body cooling when activity is lessened?
(5) Two jungle uniforms are available. One is of material especially designed to resist insect bites, but this material is less porous and slightly heavier than the other. Will the heavier textile construction interfere with moisture transfer and cause a sensibly greater dehydration loss and circulatory stress, resulting in the discard of the equipment by personnel?
Hundreds of questions similar to those given above, all of which directly involved an expert knowledge of the quantitative effect of clothing insulation on human temperature regulation, were presented to physiologists from equipment and medical divisions of all units of the armed forces. Detailed and quantitative answers were desired, and frequently the nature of this advice was a starting point in a long process of design, manufacture, and eventual global distribution of millions of items of clothing. These conditions required the anticipation of results. Hence, in addition to field tests, laboratory methods for predicting the probable thermal value and climatic adaptability of dress assemblies were desperately needed. In answer to this need, methods of evaluation were developed which have resulted in hundreds of studies of clothing insulation in relation to varying conditions of human activity and exposure. The extent of this war-period literature and its highly specific nature preclude an attempt to review it here. It will be more serviceable to present the basic methods of clothing analysis which were found to be useful.
The method of partitional calorimetry In a series of publications by C.-E. A. Winslow and his colleagues at the Pierce Laboratory of Hygiene, a method termed "partitional calorimetry"27 has been developed which is particularly well adapted to a study of all elements of the heat exchange of the human being. This method is based upon a determination of the constants of heat loss for the human body when a known difference exists between the temperature of the skin or clothing surface and the ambient temperature. This exchange takes place by two avenues, direct conduction and convection to the ambient air, and direct radiation to and from the body surface and the surfaces which enclose the body.
The human body also loses heat by evaporation to the air. This loss may be measured by sensitive balances and converted into heat units. Since the organism is not necessarily in a steady condition of heat exchange, but may be increasing or decreasing its heat content, successive measures in time of average skin and rectal temperatures will yield an estimate of the amount by which total heat loss fails to balance with heat production. Finally, the heat produced internally and which is the subject of this series of processes, may be measured in terms of oxygen consumption, or often quite reliably estimated from a knowledge of the subject's age, sex, and activity.
In the case of the nude subject, this heat balance may be expressed as: [1] The elements of equations [1] and [2] have been stated without introducing a specific area factor, and in this form they imply a heat balance for a human being of average area. In practice it is customary to express the terms M ± S -E in Kgcal/M2/hr. and likewise to use unit area values for the constants Kr and Kc. In this latter connection it must be observed that the value for Kc, the convection loss, is a function of air movement, and the area involved is that of the nude body or the exposed skin plus the clothing surface. Also the radiation constant is not, strictly speaking, a constant, since the radiation exchange between two surfaces is not a linear function of their temperature difference, but is proportional to the fourth power difference. The area involved in radiation loss is somewhat less than the true surface area, and expressions in unit area should employ a radiation area equal to 75 per cent of the surface area. The effect of these modifications may be seen in equation [ 3 ] , which is in a form permitting direct computation of heat loss, and recognizing the restrictions noted above. The radiation expression is not in an exact fourth power difference form but is in a convenient form for calculation, and yields results of adequate accuracy.
[3] M S -E= .75 x (4 x 4.92xlO-8) x Tw3 + (273°+ TCl)l + 1.0 VV(Tcl TA).
In this expression, the factor + L.OVV represents the convection loss per M2 per hour per 'C. where V is the velocity of air movement in cm./sec., and replaces the expression Ke (Tci-TA) in equation [2] .
The remaining terms define Kr (Tcl-T,) as given in [2] . Where nude subjects are concerned, T8 may be substituted for Tc1. In application to the nude body, the above relations will yield the total heat loss when multiplied by the surface area of a given subject. In application to the clothed body, the required total surface must be estimated. For any given atmospheric condition and subject activity, the physiological effect of a given clothing assembly and its physical insulation value may be determined from paired partitions using equations [ In practical application this method will be found tedious and may involve an attempt at precision which is out of proportion to the accuracy required when variability in clothing fit and eccentricities of design are considered. Indeed, one may go further and note that with any clothing other than a skin-type vestment or an enveloping sack, it is very difficult to define the effective surface which is operative in thermal interchange. In the case of evaporative exchange, a textile surface of the same profile area as that of the human body may provide a surface effective in evaporation which is enormously greater than a skin profile of equal area.
The difficulties, however, do not obviate the need for reference to a "clothing surface," and the use of some consistent surface in the partition of heat loss from the clothed body. For this reason it appears necessary to define an effective clothing surface in some manner permitting direct and rapid approximation from easily determined measurements. We believe that such a "standard" clothing surface can be usefully estimated from the total weight of all clothing elements. In The models have a low heat capacity, hence quickly reach a steady state. In addition, the heat input (simulated metabolism) can be more accurately determined than in the human subject. Furthermore, the complicating factor of evaporation may be eliminated from the determination of radiation-convection insulation value. Shulman23 determined the insulation of a heavy Arctic assembly on human subjects and on a heated model, and found that the two methods gave values well within 5 per cent of the mean value.
The "clo" value-Unit of clothing insulation The widespread use of partitional methods of estimating heat and cold stress from subjects and models created a need for a unit of heat insulation which would have practical meaning for non-technical groups.
Such a unit should be convertible into the B.T.U./sq. ft./'F. used by ventilating engineers, the physicist's gram-cal/sec./°C., and the physiologist's Kgcal/hr./°C., without being dependent upon these units for an approximate subjective appreciation of its insulation value. With these points in mind, Gagge, Burton, and Bazett13 defined a practical unit, the "dco." One clo unit of thermal insulation is the clothing required to keep a resting subject in a comfortable state when the subject is seated in an atmosphere of 70°F., with relative humidity less than 50 per cent and air movement at 20 ft./min. ( M + S -E -R + C, where R + C net heat loss. In computing S, the changes in skin temperature receive a weight of 1, the changes in rectal temperature a weight of 2. Since the body is cooling, this average temperature change x the specific heat of the body, .83, and the weight of the subject, yields a result in Kgcal/M2/hr., which must be added to M, the measured heat production. E, the evaporation loss, is subtracted.
In Complications introduced by the existence of parallel channels of heat loss Although it is usual to consider the clothing as a unit of thermal resistance interposed between the body and the environment, this is not strictly true. At very low temperatures, or with high wind velocities, considerable quantities of heat flow along parallel paths of heat loss 'and do not pass through the clothing proper. Heat loss by respiration, direct losses from exposed skin, and both evaporative and convection losses due to ventilation of the clothing fall in this category.
In table 5 a calculation of the amount of heat which "short-circuits" the'clothing barrier has been made. It can be seen that even at 0°C. the processes of respiration and insensible evaporation may account for as much as one-third of the resting heat loss. To this may properly be added a less certain increment due to clothing ventilation and loss from the exposed facial skin which may raise the total short-circuit of the clothing barrier to one-half of the resting heat loss. Emphasis has been given to this illustration because it is a factor of great importance at low temperatures, and is perhaps the principal difficulty in the direct application of the clo value of an assembly to unusual conditions. This difficulty is, in brief, the fact that we have a series resistance in the clothing and, in addition, parallel paths of heat loss related to exposed skin, respiration, and garment ventilation. These data show that at air temperatures above body temperature, with low humidity, the effect of clothing variation is not conspicuous at low air velocities. However, at moderately hot temperatures with high humidity, the dehydration effect of added clothing is conspicuous. The thermal analysis of this differential effect is complicated, but in general, the difference depends upon the importance of radiation and convection cooling at the 85 'F. (29.4°C .) condition and the dominance of evaporative cooling at the 1100F. (43.30C.) condition. In the former, the added clothing imposes an added heat load, while in the latter, no cooling is occurring by radiation and convection, and clothing affords an evaporative surface or wick action, which is desirable. In the majority of instances questions involving the hygiene of clothing at' high temperatures are best evaluated by direct determinations, as in table 6, of the dehydration cost of various assemblies, in relation to the increments in body temperature associated with this loss. There is at present no general agreement as to the absolute elevation of body temperature or rate of dehydration which is permissible for various types of work. Any given stress determined experimentally may, however, be profitably compared with the approximate limits determined by Robinson, Turrell, and Gerking22 for steady state exposures or with the tolerance time index of Taylor.26 Both of these reports deal with the grading of thermal stress in terms of measures of equivalent physiological response involving pulse accelerations, rate of dehydration, and body temperature increment.
The thermal properties of clothing In this discussion little attention has been given to the physical properties of individual fabrics. The reason for this is that it is generally conceded that in the range of densities for fabrics suitable for clothing, the thermal properties of particular fibers are not very important in determining insulation values. Clothing provides insulation primarily because it traps air and as a consequence insulation values tend to approximate the value for still air in a thickness comparable to the fabric.24 In fact, the thermal insulation of an air space filled with steel wool packed to a density of 9 pounds per cubic foot was found to be only 20 per cent less than the value for still air.
Many efforts were made during the war period to increase the insulation value of the usual fabrics. Such efforts introduced reflective layers for radiation insulation, tested the effect of various gases other than a'r in the fabric spaces, or attempted to delay cooling by the use of capacity effects, usually hydrated elements situated in the interior of the clothing. Probably none of these methods could be said to have achieved substantial gains, although flexible fabrics with aluminum surfacing may yet prove to have an application in the clothing field.
Perhaps the most general conclusion is that the attainment of adequate insulation in severe cold exposure is limited by the inability of conventional insulating fabrics to reduce heat transfer beyond a certain point without impossible increases in bulk. In addition, under extreme exposure, the parallel paths of heat loss from the exposed skin, from the lungs, and through clothing ventilation seriously reduce the efficiency of the specific clothing insulation. It was also found that the bulk factor was of special importance in limiting the effectiveness of insulation for the extremities. These three difficulties appeared insurmountable and led to the general use of electrical heating in aviation, and to an emphasis on auxiliary heat for other severe exposures.
Physiological alterations of the thermal properties of the human body In an earlier discussion, heat loss analysis and tolerance data have been discussed without emphasis on the character of the body's temperature regulation activities. Vasomotor action, however, may definitely alter the conditions of heat loss in a manner strikingly similar to that produced by clothing. This reaction warrants discussion since it eventually has to be included in any complete analysis of clothed heat loss.
Vasomotor effects on the heat conductance of the skin are somewhat analogous to the addition or removal of clothing from the body. The skin of the human body is richly supplied with blood vessels. Under cold stimulation the flow of blood through these vascular networks is greatly reduced. When exposed to heat, the flow near the skin surface is greatly increased. The net result of this action is that the heat loss through the cold skin has to pass an insulation barrier which exceeds the resistance of the warm dilated skin by an amount equivalent to the insulating value of 1 to 1.5 cm. of fatty tissue. In computing the total resistance to heat loss from the deep regions of the body to air, this element of resistance due to vasomotor action is considerable. Burton8 gives the following values in clo units for the practical range in variation of the resistance due to vasomotor action, clothing, and air. Table 9 clearly shows that the optimal temperature is not midway between the upper and lower danger zones in thermal stress, but that the human body operates rather near its upper limit of tolerance. The total range of survival in terms of rectal temperature is about 180C., 120 of this range lying below the optimum of 370 and 60 above it. The variation in heat content is about 17 times the normal hourly heat production.
Although tolerance for cold appears to be quantitatively greater, one may observe that the negative heat debt (cooling) tolerated is about * Skin temperatures in a well-stirred water-bath are only a fraction of a degree above bath temperatures. The high values reported here undoubtedly reflect the influence of heavy binding over the thermocouple plus the restriction of water circulation produced by heavy clothing.
equal to the total energy consumption in the heaviest work that may be maintained for one hour, the period also required to produce this cooling. This is interesting in that it shows that the mechanism of "heat" adjustment is not quantitatively inferior to adjustment to cold stress when the heat stress is produced voluntarily and is not primarily environmental in origin. It is appropriate to close this report with some comment relative to the permanent value of the war-period experience with problems of exposure. It is obvious that we are now in a position to give a relatively clear specification in quantitative terms of the effect of any required dress on human heat balance. It is also very clear that the real importance of such studies will lie in the field of industrial physiology, and that the primary contribution is likely to be in the development and acceptance of indices of physiological stress in which unfavorable exposures are quantitatively evaluated in terms of circulatory costs, dehydration stress, and alterations in the normal temperature and conductance gradients of the body tissues.
